One of the grand challenges in the Computational Aerosciences Project (CAS) of the High Performance Computing and Communications Program (HPCCP) involves performing multidisciplinary simulations in which two or more phenomena, such as uid dynamics and structural dynamics, are strongly coupled. This challenge has, in turn, given visualization researchers the challenge of developing tools to investigate the interaction e ectively. Visualization researchers must ensure that these tools are accessible to the scientist, producing visualizations easily and rapidly. They must also ensure that these representations are useful and do not contain information that might lead to misinterpretation. This paper presents the ongoing development of an intelligent, assistant-based visualization system to aid scientists in visual analysis of multidisciplinary simulations for computational aerosciences. This system is based on a data model and integrated knowledge base that supports the rapid production of visualizations. The data model addresses the issue of managing complex, heterogeneous datasets. The knowledge base contains expertise from the scienti c domains, visual perception and graphic design. The information from both sources is utilized by the user interface in the production of visualizations based on the analysis goals of the scientist.
I. Introduction
State of the art computer simulations are producing larger, more complex datasets. Scienti c visualization has been an instrumental tool in helping scientists to browse and analyze their data. However, visualization
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Di culties in using current systems are ampli ed when analyzing multidisciplinary datasets. Scientists must work with data from di erent disciplines, each with di erent data structures, formats and standard visualization techniques. Visualizations from each discipline must be generated individually and then pieced back together for combined analysis. The amount of time using software tools is increased as is the risk of developing poor representations.
By providing scientists with assistance and guidance, the amount of time learning software and generating visualizations could be reduced, allowing scientists to concentrate their time on the task at hand. Often, this assistance involves relieving the scientist of performing tedious tasks such as managing the di erence between the di erent data les. Other times, guidance helps the scientist to choose the most appropriate representation based on a data analysis goal. Scientists are often unaware of the details of the visualization process. They are not familiar with the various visualization techniques and the related constraints imposed by computer software, hardware and the human visual system.
The development of a prototype intelligent visualization system, MDV (MultiDisciplinary Visualizer), is in progress for the visualization of computational aerosciences simulations. This work is being performed at the Numerical Aerodynamic Simulation (NAS) Systems Division at NASA Ames Research Center, in conjunction with scientists who are performing multidisciplinary uid dynamics and structural dynamics simulations. MDV is an assistant-based visualization system, designed to help the scientist with the visualization process by creating visual representations of uid/structure computations easily and rapidly. This paper presents the design framework for MDV and a description of the current system. Background work is presented in Section II, followed by a description of the prototype system and its components in Section III. Future work (Section IV) and conclusions (Section V) complete the paper.
II. Background
Arti cial intelligence (AI) is increasingly playing a role in scienti c applications with the managementand analysis of complex systems. Some of these roles include assisting with the generation of scienti c models, guiding with the selection of computational models and parameters, and post-processing data analysis. Combining representational and reasoning techniques from AI with knowledge sources, database information, user interfaces and existing software has shown promise in the scienti c domain 10 .
Of particular interest in this project is the coupling of user interface design with AI. Assistantbased systems 6 , intelligent agents 5 , and intelligent user interfaces 14 are all related technologies created to guide the user through complicated environments. This new trend of cooperative problem solving systems has placed emphasis on using AI technology to augment and empower human users, rather than replace them.
The intelligent user interface provides the scientist with advice and assistance. As a result, the scientist can perform their task in a more productive and e ective manner. The scientist never forfeits control of the system. Rather, the scientist bene ts from the knowledge contained in the system, accepting and using the information or choosing to ignore it.
Interest in applying these technologies to visualization has begun to grow 1 . The design of an intelligent visualization system involves modeling the visualization process by carefully describing its components and making use of knowledge-based techniques to map information into e ective displays.
The design of an intelligent visualization system presents several questions to the developer. First of all, determining what constitutes an \e ective" or \use-ful" visualization is a di cult task. This issue has been approached by researchers by studying the rules of perception and graphical presentation. For example, Mackinlay 11 de ned the words \e ective" and \expres-sive" in attempting to determine a useful visualization. \Expressive" describes a visualization that fully encodes the data attributes by presenting all relevant information to the user. The complementary word \e ective" suggests that the technique exploits the capabilities of the output medium and human visual system, ensuring a correct and quick judgement of the data.
Secondly, several information sources are required in order to develop e ective visualizations. These information sources include the data, the user, the hardware and software environment as well as expertise from the individual scienti c domains, perception, and graphic design. Developing models of these sources is a dicult and critical component of building an intelligent system.
A nal question relevant to the development of an intelligent visualization system is how to represent the task the scientist is interested in performing. Di erent tasks performed on the same data, by the same user on the same hardware system can require di erent visualizations. For example, if the scientist is interested in debugging a simulation the visualization presented to him would be di erent from the scientist who was interested in generating a visualization for publication. Developing a task dialogue with the scientist requires a careful analysis of his work practices.
III. The MDV Prototype
MDV is a research prototype, currently being implemented at NASA Ames to visualize results from multidisciplinary simulations. As part of the HPCCP, scientists at Ames are currently performing multidisciplinary simulations coupling uid dynamics and structural dynamics 12 . The sample con guration under analysis is the wing of the High Speed Civil Transport (HSCT). The simulation is performed using a direct coupling approach to study the aeroelastic e ects of transonic aircraft. This requires signi cant increases in computing power, data management capabilities and analysis methods. These are the problems that scientists at NASA Ames are trying to address in the development of software tools for multidisciplinary analysis.
The goal of MDV is to remove the complexities and make the analysis process more productive for the scientist. The MDV project addresses the di culties in managing complex, heterogeneous datasets and developing data analysis tools to view the simulation results. This is accomplished by the development of an objectoriented data model to manage the multidisciplinary data. The intelligent user interface component of MDV is built on top of the data model, with visualization and domain knowledge embedded into the data model. The knowledge in MDV is represented as facts and rules. The current mechanism for creating visualizations is an iterative re nement process that evaluates the relevant information for producing e ective visualizations. The object-oriented nature of the model permits the chosen visualization to be created by invoking a method on the data elds selected for viewing.
MDV is being implemented in SuperGlue 8 , a rapid prototyping environment under development at NASA Ames Research Center. SuperGlue is an objectoriented programming environment based on the language Scheme, a concise dialect of Lisp. SuperGlue 2 has the capability to incrementally load compiled foreign functions written in traditional languages such as C and FORTRAN. Due to its interpreted nature, SuperGlue provides an e ective environment for the rapid prototyping of code. SuperGlue also contains a large object-oriented class hierarchy, which contains necessary components for generating tools for interactive visualization.
The Data Model
Datasets from multidisciplinary simulations are complex and heterogeneous. The datasets contain di erent physical eld variables and are written in di erent data formats. Fields that are not available require computation. Grid topologies can be structured, unstructured, or hybrid and can move or adapt over time. The datasets are often scaled di erently and the temporal spacing between timesteps may not be the same.
Finally, datasets are very large. Single timestep computations in uid dynamics have produced datasets on the order of tens of megabytes. In unsteady computations, the number of timesteps may reach several thousand, in which case there will be gigabytes of data. When multiple disciplines are incorporated into the simulation, dataset size will increase by a factor of two or more per discipline 7 .
Dataset complexity requires an abstraction mechanism to encapsulate the di erences between disciplines. The data model serves to organize the information in the multidisciplinary datasets. The object-oriented paradigm is used as the basis for the data model.
The main concepts of the object-oriented paradigm include abstraction, encapsulation, and inheritance 3 . Abstraction is an e ective way to deal with complexity, since it breaks detailed systems into simple conceptual objects with distinct boundaries. Encapsulation captures the essence of the object-oriented paradigm, providing a clear separation between the external workings of objects and their internal implementation. The need also arises for some type of ordering mechanism to control abstractions so that the user may comprehend the overall system. Inheritance is one mechanism that allows for this ordering. Inheritance de nes relationships among objects. A class of objects can inherit structure or behavior from another class of objects.
The object-oriented model possesses several additional qualities that make it appropriate for managing scienti c data. The capability to derive data by applying a method allows the designer to express the information content of the data without having to explicitly store all of its components. When the user queries a derived data variable, the system computes the values. If the derived data is queried frequently, the system may chose to permanently store the data.
The extensibility of the object-oriented model is also bene cial. The multidisciplinary model will undoubtedly grow as the technology becomes more de ned and as additional disciplines are added to the simulations. The object-oriented model is modular and components can be easily added to expand the data model. For example, if thermal data is integrated into the data model, an object representing the thermal dataset would be added to the current class structure. Additional methods and attributes could be de ned to re ect the speci c properties of the new discipline.
Finally, support for metadata, or data about data, is an important characteristic of the object-oriented model. Metadata captures syntactic and semantic information about data, their structure, attributes, origin, and processing history. It gives the scientist additional high-level information that is necessary for accurate data analysis.
The following description of the MDV data model is based on a multidisciplinary, uids/structures simulation (for more details on the simulation, see Pramono and Weeratunga 12 ). The data model is a composition of several objects that each de ne a speci c component of the dataset. This composition hierarchy allows for each object to be modeled with the necessary level of detail. The composition hierarchy, shown in Figure 1 represents the full con guration of a simulated vehicle such as the HSCT.
MD-OBJECT is at the top level of the data model hierarchy. It represents a physical object (i.e. HSCT) and all of the data describing that object. MD-OBJECT contains data from each of the physical disciplines represented in the simulation, such as uids dynamics and structural dynamics. Additionally, this object contains metadata about the simulation, such as the ight speed of the aircraft (the Mach number), the angle of attack and the given conditions of the airstream (i.e. temperature, density, etc.).
The DOMAIN class represents the individual physical disciplines involved in the multidisciplinary simulation. Subclasses of DOMAIN, FLUID-DOMAIN and STRUCT-DOMAIN, are de ned for each physical discipline. Each instance of the FLUID-DOMAIN or STRUCT-DOMAIN class represents a physical component of the simulated object. For the HSCT, this currently represents the wing, but will be extended to include the fuselage, tail, and any other components modeled in the simulation. The de nition of these components is typically de ned by the grids that comprise the vehicle. For example, in the uids case, there are typ- The DOMAIN class contains an instance variable that contains a sequence of objects from the DATA class. DATA objects contain the data for a single timestep of the simulation. The two instance variables of the DATA class are objects of the BUNDLE class and ATTRIBUTE class. The BUNDLE class contains the elds, their dimensions and topology. The AT-TRIBUTES class contains metadata information about the dataset, such as its lename, the timestep value, etc.
The BUNDLE class contains all of the data elds in the dataset, together with its dimensions and topology. This includes grid information as well as data variables. A BUNDLE contains an instance of a DIMS or TOPO to store information about the connectivity of the grid. A BUNDLE with a DIMS represents a structured grid whereas a BUNDLE with a TOPO represents an unstructured grid. Each eld in the BUNDLE is de ned by the same DIMS or TOPO. Each instance of the FIELD class contains information about a single eld in the simulation. This can either be the position eld, which has physical locations of the grid points, or the pressure eld, which contains pressure values at each grid point. In order to accommodate for grid complexities, eld data can be of type node, edge, face or cell. This allows for data values that are de ned on a face element of a grid, such as a surface normal. The default type is node for most FIELD instances.
An instance of the BUFFER class contains a storage pointer to the data and information about the type of data ( oat, integer) and the number of items per element. A BUFFER is memory-mapped. As a result, the actual data is only read into memory when it is queried by the scientist. This provides necessary performance when working with large, time-dependent datasets.
The design of this data model encapsulates the differences in dataset complexities and provides a simple semantic representation of the data. The di erences between grid types, eld variables and temporal and spatial variations in the data is hidden within the objectoriented framework of the data model.
The User and Machine Models
To complement the data model in the visualization framework, the creation of a user model serves to describe the user and his characteristics. A user model is the knowledge source that contains explicit assumptions on all aspects of the user that may be relevant 4 to the behavior of the system. The information in the user model may include the background of the user, and any limitations the user may possess. User background might include information such as the subjective meaning of certain color tables or shades as related to quantitative information, or a preference for certain visualizations and interaction techniques. Limitations of the user may include a color blindness, di culties with psychomotor skills (i.e. working with a mouse), etc.
The machine model details the capabilities of the computing environment available for scienti c use, both in terms of software and hardware resources. The scientist should not be expected to know what type of environment he has available to him. This information is important, however, impacting what type of visualization will be appropriate for a given con guration. Information encoded into the machine model, speci es the type of system, monitor resolution, graphics capabilities, color facilities, CPU, memory, available graphics libraries, etc. This model should describe a wide spectrum of machines, from laser printers (for publication) to workstations to virtual reality systems. The incorporation of the machine model makes the system very portable, allowing the scientist to view his data in many di erent environments.
A skeletal user model and machine model have been implemented in the MDV framework. However, these components of the system are only marginally functional and these components require future work and research. The skeletal user model currently contains information about color table preferences. The machine model contains information on visualization mappings and color tables to use for displaying to a monitor, a color printer, and a black and white printer.
Visualization Knowledge
The visualization knowledge embedded into the data model contains information that assists in the production of visualizations. This informationincludes domain dependent rules on how to e ectively visualize the different data elds of each dataset. Standard visualization mappings are de ned for each data variable and are attached to that eld within the data model. These standard techniques were obtained by working with scientists and understanding what types of mappings t di erent data elds.
This knowledge is currently very basic and consists mainly of default or standard visualization techniques to use for the eld variables within the uid/structure simulation. The knowledge base will eventually include rules and facts from graphic design and visual perception to assist with the generation of more e ective presentations. Rules and facts from graphic design have been documented by such researchers as Bertin 2 and Tufte 15 . Perceptual rules and guidelines are also readily available 4; 9 . Information has also been collected by researchers speci cally for scienti c visualization, including Senay and Ignatius 13 and Wehrend and Lewis 16 . Input from the scienti c domains will be obtained from continued collaboration with scientists.
Mappings
Visualization mappings convert information in the data model to visual representations. Currently, mappings in MDV include wireframes, surfaces, contours lines, color contours, and, in the near future, particle traces.
Mappings are polymorphic and can be applied to either domain in the uid/structures data model. Even though one domain is de ned on a structured grid and the other on an unstructured grid, this process is transparent to the scientist. This prevents having separate mapping functions for each visualization technique in each discipline. This is one of the main bene ts of the object-oriented nature of the system.
Mappings can be temporal or spatial in nature. Temporal mappings create a temporal sequence of visualizations such as a wireframe depiction of a wing, deformingthrough time. Spatial mappings create a spatial sequence of visualizations, such as a gridplane stepping down the span of the wing.
Generating a Visualization
The goal of this system is to require simple input from the scientist, establishing their visualization goal. This information should be processed quickly and the scientist should be presented with one or more visualizations that t the given query. The scientist should not be required to learn any complicated query language or task dialogue in order to obtain a visualization.
Composing this visualization is an iterative process that involves extracting knowledge (facts and rules) from the data model, re ning them using information in the user model, and then the machine model. The knowledge from the data model provide information on what type of visualization mapping is most appropriate given the data variables of interest. This also involves extracting drawing attributes such as a common color table for viewing the chosen eld data.
The selected visualization and attribute information is modi ed by the user model where user preferences might select one color table over another. This result is then modi ed by the machine model, where additional changes may take place due to the type of output the user has selected. For example, if the scientist is print-5 Figure 2 : Visualization Generation Cycle ing to a black and white printer, the system might suggest contour lines colored using greyscale values so that the variation in data values is more distinguishable on a black and white laser print.
If no acceptable visualization is created, or if some constraints are violated, the process returns to the data model where an alternate visualization option is selected. This selection is also modi ed by user and machine models. This process continues until a satisfactory visualization is found or until the system runs out of suggestions. Once this information is selected, it is applied to the appropriate data and displayed for the scientist. The generation cycle is displayed graphically in Figure 2 .
Constraints are necessary when generating multiple visualizations, so that one technique does not interfere with another. Careful control must be incorporated so that the visualization of one discipline does not interfere with interpretation of the visualization from another discipline. For example, using color contouring techniques could be dangerous when viewing scalar values from di erent disciplines, especially when the scales are not consistent.
Interactivity is an important aspect of exploring large data sets. Therefore, it is essential that the appropriate interaction device is given to the scientist based on the selected visualization mapping. A widget with buttons, sliders and viewpoint control, gives the user a simple interface with which they can deal with their data. The widget is speci cally designed for the presented visualization. Again, the object-oriented paradigm is helpful in managing the widget speci cations.
The user also has control to override the selections made for him by the system. Visual attributes such as the color table, background color, etc. may be changed after the initial presentation is made. The user also has the option to select other visualization techniques by retreating to a more complex, yet more functional interface.
A typical query is presented, performed by scientists analyzing the HSCT uid/structure interaction. The scientists are interested in viewing pressure data on a deforming wing. The pressure values will help them to understand if their simulation is accurate. The scientists input the name of the dataset, the variables of interest and the subset of the structured uids grid they are interested in. MDV processes this query and generates a colormapped animation of pressure viewed on the deforming wing. A widget that allows for interaction of the time sequence is also provided. Figure 3 shows the resulting visualization.
IV. Future Work MDV is in under development and the current system is a very basic implementation of what will be necessary to create an e ective visualization tool. A great deal of work has to be done in de ning each component of the design framework. In order to develop this system to meet the given criteria, emphasis on the design of the framework is essential.
The development of a user and machine model will help to include information about the scientists using the system as well as the speci c machine requirements they have. The development of user models for user interface design is a research topic in its own right. This aspect of the system will undoubtedly require an iterative approach as well as close collaboration with domain scientists.
Establishing the task the user is interested in performing is a critical component of the intelligent system. This aspect is currently being studied by interacting with the scientists and asking them to express their visualization goals. The generation of a task dialogue will eventually be integrated into the system, so that they scientist can specify which data they are interested in viewing as well as the goal of their data analysis task.
Finally, the continued addition of knowledge from the scienti c domains, perception and graphic design will be an important part for future development. This will involve consulting with literature and experts in the eld in developing rules for e ective data visualization.
V. Conclusions
In order to e ectively analyze the large amounts of data associated with multidisciplinary simulations, scientists would bene t from an intelligent visualization system. Current visualization systems are often overpowering and do not provide the scientist with much guidance as to how to proceed with their data analysis. Current systems also require a great deal of time in generating visualizations. Without this assistance, the scientist is required to learn the complexities of generating visualizations and understand how to use visualization software packages. This knowledge base is broad, re-6 Figure 3 : Results of an MDV Query quiring expertise in visualization, graphical presentation, visual perception and knowledge of the application domains. Modeling this information in a coherent, object-oriented framework is the approach used in developing the MDV system for multidisciplinary visualization. The assistant-based system attempts to provide the scientist with an information source that helps them with productive data analysis.
